This is the first report on amphibole exsolution in pyrope from the Colorado Plateau. Pyrope crystals delivered from mantle depths underneath the Colorado Plateau by kimberlitic volcanism at 30 Ma were collected at Garnet Ridge, northern Arizona. The garnet grains analyzed in this study occur as discrete crystals (without adjacent rock matrix) and are classified into two major groups, Cr-rich pyrope and Cr-poor pyrope. The Cr-poor pyrope group is divided into four subgroups based on exsolved phases: amphibole lamella type, ilmenite lamella type, dense lamellae type, and clinopyroxene/amphibole lamellae type. Exsolved amphibole occurs in amphibole lamella type, dense lamellae type, and clinopyroxene/amphibole lamellae type of Cr-poor pyrope. The amphibole crystals tend to have preferred orientations in their garnet hosts and occur as monomineralic hexagonal or rhombic prisms and tablets, and as multimineralic needles or blades with other exsolved phases. Exsolved amphibole has pargasitic compositions (Na 2 O up to 1.6 apfu based on 23 oxygen). Garnet host crystals that have undergone amphibole exsolution have low OH contents (2-42 ppmw H 2 O) compared to garnets that do not have amphibole lamellae (up to 115 ppmw H 2 O). The low OH contents of garnets hosting amphibole lamellae suggest loss of OH from garnet during amphibole exsolution. Amphibole exsolution from pyrope resulted from breakdown of a precursor "hydrous Na-garnet" composition (Mg,Na + x ) 3( Al 2 − x , Mg x ) 2 Si 3 O 12 − 2x (OH) 2x . Exsolution of amphibole and other phases probably occurred during exhumation to depths shallower than 100 km prior to volcanic eruption. Based on the abundance and composition of exsolved clinopyroxene and amphibole lamellae in one garnet, hydrous Na-garnet had excess silicon (Si 3.017 apfu, 12 oxygen normalization, vs. X 3 Y 2 Si 3 O 12 for typical garnet). Comparison with experimental data suggests crystallization at pressures near 6-8 GPa. Garnet crystals that host exsolved amphibole have compositions (Pyp 49-76 , 3-10 wt% CaO, and up to 0.6 wt% Cr 2 O 3 ) similar to garnets reported from pyroxenites, and have pyrope-almandine-grossular compositional ranges that overlap with the Cr-rich pyrope (typical lherzolitic garnet). Hydrous Na-garnet was likely formed by metasomatic reactions between Cr-rich pyrope and Na-rich aqueous fluid in the deep upper mantle. The most likely source of metasomatic Na-rich fluid is ancient oceanic crust that was subducted before subduction of the Farallon Plate beneath the Colorado Plateau.
Background
Various garnet crystals and garnet-bearing xenoliths occur at Garnet Ridge, northern Arizona, USA (Switzer 1975) . These garnets were delivered to the surface from a wide range of depths from the deep mantle to crustal levels underneath the Colorado Plateau by a kimberlitic diatreme associated with the Navajo volcanic field during Oligocene time (e.g., Watson and Morton 1969) . The kimberlitic diatreme at Garnet Ridge has been studied by many researchers (e.g., Gregory 1916; Switzer 1975; Wang et al. 1999; Smith et al. 2004) , in part, because pyrope crystals carried by the diatreme have origins of great depths from the upper mantle. These pyrope crystals have wide chemical variations and various inclusions/exsolved phases such as silicates, sulfides, oxides, titanates, fluid/ melt, and composite grains of these phases (e.g., Wang et al. 1999 Wang et al. , 2000 Ogasawara 2013, Sato et al. 2014) . The variations of chemistry, inclusion phases, and exsolved phases suggest heterogeneities in the shallow to deep mantle underneath the Colorado Plateau.
We discovered exsolved amphibole in some of pyrope crystals from Garnet Ridge; this paper is the first report on exsolution lamellae of Na-bearing amphibole in pyrope from the Colorado Plateau. Exsolution of Na-bearing amphibole from pyrope indicates that Na and OH components were enriched in garnet prior to exsolution (Song et al. 2005) . At present, reports on Na-rich (>1 wt% Na 2 O) garnet are limited to inclusions in diamond from kimberlite pipes in South Africa and other localities (e.g., Moore and Gurney 1985; Sautter et al. 1991) . Significant amounts of Na in garnet are evidence of ultrahigh pressure (UHP) conditions (Sobolev and Lavrent'ev. 1971; Bishop et al. 1978) . Except for hydrogrossular-andradite, garnet that forms at low pressure is a nominally anhydrous mineral, but OH has been identified in garnet of mantle origin at concentrations ranging up to hundreds of ppmw (ppm wt% as H 2 O) (Aines and Rossman 1984; Ogasawara et al. 2012 Ogasawara et al. , 2013 . Significant amounts of OH in pyrope-rich garnet are regarded as evidence of H 2 O-rich environments at UHP conditions (Withers et al. 1998; Mookherjee and Karato 2010) . In this study, we describe pyrope garnet with exsolution lamellae of Na-rich amphibole, indicating formation from a precursor Na and OHbearing garnet, namely hydrous Na-rich garnet. We argue that the hydrous Na-rich garnet formed by interactions between mantle peridotite and fluid originating from ancient subducted oceanic crust underneath the Colorado Plateau, and that exsolution of amphibole occurred by decompression during transit to the surface.
Methods

Experimental samples from Garnet Ridge
Garnet Ridge is a northeast-southwest trending ridge composed of the Jurassic Summerville Formation and Bluff sandstone in northern Arizona in the central part of the Navajo volcanic field (Switzer 1975) . The Navajo volcanic field is characterized by mid-Tertiary volcanic necks, dikes, lavas, and various intrusions of alkali-rich mafic and ultramafic rocks (Roden et al. 1979; Semken 2003) . A xenolith-rich kimberlitic diatreme associated with the Navajo volcanisms erupted through Garnet Ridge at ca. 30 Ma (Smith et al. 2004) . Discrete garnet crystals (without surrounding rock matrix), garnet megacrysts, garnet aggregates, and garnet-bearing xenoliths (e.g., lawsonite-eclogite) are scattered on the ridge and the ground of the Carmel Formation and the Entrada sandstone surrounding Garnet Ridge (Watson and Morton 1969; Helmstaedt and Schulze 1988; Usui et al. 2003 Usui et al. , 2006 Usui et al. , 2007 . This study is based on analyses of the discrete garnet crystals.
Analytical methods
Fine-grained inclusion phases were identified by spot analyses and 2D mapping with a laser Raman spectrometer, Horiba Jobin Yvon LabRAM300, at room temperature using a 514.5-nm Ar-ion laser and a 488-nm solid state laser as excitation lines. Unpolarized Raman signals were collected with an MPlan ×100 microscope objective lens (Olympus Co., Tokyo, Japan) with 10 mW power for the Ar-ion laser and 25 mW power for the solid state laser and spot size of ca. 1 μm. The analytical resolution of the Raman spectra is accurate to ±<1 cm −1 wavenumbers as calibrated using a Si crystal as a standard.
Elemental compositions and 2D distributions of compositions in host garnet and guest phases were analyzed using an electron microprobe, JXA-8900 (JEOL Ltd., Tokyo, Japan), by electron microprobe wavelength dispersive spectroscopy (EMP-WDS) at Waseda University. Quantitative analyses were conducted using a LaB 6 filament under the following conditions: accelerating voltage, 15 or 20 kV; beam current, 20 nA; and and beam diameter, 10 μm. For 2D elemental X-ray mapping, an accelerating voltage of 15 kV, a beam current of 200 nA, and a beam diameter of 1 μm were used.
Water contents in garnet crystals were determined using a micro-Fourier transform infrared (micro-FTIR) spectrometer (Thermo Nicolet, Avatar 370 with Continuum) at Waseda University. In order to obtain highquality transmission IR spectra, the garnet samples were prepared as double-side polished sections (thickness: ca. 250-500 μm). Measurements were conducted with an aperture size of 100 × 100 μm and a spectral resolution of 8 cm −1 using unpolarized light. Each spectrum was accumulated from 200 iterations on the same spot and was calibrated using polystyrene film as a standard. Peak fitting of IR spectra was conducted by the curve fitting method of the Lorentzian-Gaussian function in order to determine values of peak position, intensity, and full width at half maximum (FWHM) were determined for IR absorption bands caused by OH using the LabSpec 4.10 software associated with the Raman spectrometer. We estimate OH concentrations in host garnet using the Beer-Lambert law:
where C = water concentration (OH as H 2 O, ppmw.), I = integrated IR absorption intensity, d = sample thickness (cm), ε = IR absorption coefficient (L/mol/cm 2 ) of water (OH) in garnet, and ρ = density of garnet. The absorption intensity I is the integrated intensity of an IR absorption band caused by OH in garnet in the wavenumber range of 3400-3700 cm −1
. We used an IR absorption coefficient of 8770 L/mol/cm 2 presented by Katayama et al. (2006) and a density of pyrope of 3.58 g/cm 3 after Deer et al. (1992) . Using the uncertainty in I of 510 L/mol/cm 2 reported by Katayama et al. (2006) and estimates of errors in sample thickness, peak fitting, and sample density, we use Gaussian error propagation to calculate relative uncertainties (1σ) in OH contents ranging from 8 % for good conditions (water-rich, thick sample, well-defined baseline) to 14 % for poor conditions (water-poor, thin sample, poorly defined baseline).
A key problem in this study is distinguishing phases that exsolved from garnet versus phases that were overgrown and trapped by garnet (trapped inclusions). We combined microscopic observations, phase mapping by laser Raman spectroscopy, and element mapping by EMP-WDS and used the following criteria to identify exsolved phases: (1) preferred orientation of guest grains indicating a crystallographic relationship between guest grains and host garnet; (2) presence of guest grains in several garnet host crystals of the same type (see below); (3) homogeneous distributions of guest grains in certain areas of garnet host; (4) elemental depletion halos in host garnet around grains (e.g., Ti-poor halo in garnet around Ti-bearing amphibole grain); and (5) a high number of guest grains occurring within garnet host. We regarded inclusion phases satisfying at least three among these five conditions as exsolved phases (i.e., not trapped inclusions) in the strict sense.
Results
Pyrope crystals from Garnet Ridge
Pyrope crystals and their fragments occur as grains approximately 5-25 mm across with red, reddish-brown, purplish, and black colors. We classified pyrope crystals into two major groups (A and B) on the basis of major element chemical compositions: group A is Cr-rich with a limited range of pyrope-content and group B is Crpoor with more variable pyrope-contents (Table 1) .
Group A: Cr-rich pyrope
Cr-rich pyrope looks reddish or purplish-colored by the naked eye (Fig. 1) . Individual grains are chemically homogeneous based on microprobe analyses. From grain to grain, chemical compositions show the following ranges: Prp 67-74, Alm 13-18, and Grs 7-11 mol% (Fig. 2) .
The garnets of group B are subdivided into four subgroups based primarily on the identities and abundances of exsolved phases (Tables 1 and 2 ; Fig. 1 ). All of the subgroups contain exsolution lamellae of ilmenite, but other exsolved phases vary. Exsolved phases, along with host garnet chemical compositions and colors of the subgroups are described below.
Subgroup B 1 , amphibole lamella type (Prp 49-66; Alm 18-28; Grs 16-26 mol%), occurs as reddishbrown-colored pyrope crystals. Subgroup B 1 contains exsolved lamellae of amphibole, rutile, ilmenite, and minor mounts of srilankite [(Ti, Zr)O 2 ], apatite, and crichtonite. These exsolved phases occur as needles (up to 1 mm in long dimension) consisting of multiple minerals ranging from 20 to 300 μm in length throughout each garnet host crystal. Coarse-grained exsolved minerals are typically surrounded by depletion halos of several to tens of micrometers in width, where fine-grained exsolved phases are absent (Fig. 1) . A few chlorite inclusions were identified; they are a primary mineral of hydrated mantle and were trapped during growth of host garnet crystals.
Subgroup B 2 , ilmenite lamella only type (Prp 49-68; Alm 20-38; Grs 12-19 mol%; Cr 2 O 3 0.4-2.5 wt%), shows red to reddish-brown color and contains exsolved Table 1 ); no other exsolved phases are recognized. Olivine, orthopyroxene, and clinopyroxene inclusions occur in B 2 pyrope hosts. Composite fluid inclusions consisting of gas, liquid (H 2 O), and solid phases (rutile, chlorite, calcite, and barite) are observed in some B 2 garnet grains.
Subgroup B 3 , dense lamellae type (Prp 54-72; Alm 18-33; Grs 12-15 mol%), appear very dark due to abundant, densely packed exsolution lamellae of rutile, amphibole, and ilmenite with minor amounts of clinopyroxene, apatite, and srilankite ( Fig. 1 and Table 1 ). Carbonate (magnesite and dolomite) inclusions arranged along curved planes are sometimes identified. Exsolved clinopyroxene crystals occur as long needles (approx. 300 × 10 μm), short needles (50 × 10 μm), coarse-grained columns (75 × 50 μm), and fine-grained columns (25 × 20 μm) together with rutile, ilmenite, srilankite, apatite, and amphibole. These various occurrences of exsolved clinopyroxene occur within single grains of B 3 pyrope. Clinopyroxene exsolution from garnet is regarded as evidence of supersilicic (majoritic) compositions of precursor garnet at UHP conditions (Moore and Gurney 1985) . Some exsolved clinopyroxene needles and columns are sufficiently coarse-grained (>10 μm across) for quantitative analysis by EPMA, and all of the analyzed grains have Na-bearing diopside or omphacite compositions (Di 68-77 mol%; Na 2 O 2.4-4.7 wt%). Exsolved clinopyroxene lamellae in a single host garnet grain have homogeneous compositions, but lamellae in different garnet host crystals may have different compositions. Such grain by grain variations of exsolved clinopyroxene compositions probably reflect differenced in Mg, Fe, and Na contents and excess Si of precursor host garnet prior to exsolution. Subgroup B 4 , clinopyroxene-amphibole lamellae type garnets (Prp 61-76; Alm 13-27; Grs 6-11 mol%) occur as light-brown-colored crystals with exsolution lamellae of pyroxene, amphibole, rutile, and minor ilmenite. The exsolution lamellae in this subgroup are not as densely packed as in subgroup B 3 garnet (Fig. 1) , and occurrences of exsolved amphibole in B 4 are rarer than in subgroups B 1 and B 4 . Clinopyroxene and amphibole lamellae tend to occur in the central domains of typical B 4 garnet grains. Thin rims (width ca. 200 μm) lacking any exsolved lamellae phases surround the lamellaebearing central domains. Exsolved clinopyroxene occurs as needle-shaped (ca. 180 × 25 μm) and short columnarshaped (ca. 75 × 50 μm) crystals and sometime occurs with rutile, ilmenite, and amphibole in composite lamellae. Exsolved clinopyroxene has chemical compositions of Na-bearing diopside to omphacite (Di 60-85 mol%; Na 2 O 1.4-5.3 wt%).
Exsolved amphibole in pyrope Description under microscope
Exsolved amphibole occurs in garnet subgroups B 1 , B 3 , and B 4 . Textures of exsolved amphibole were observed as both (1) monomineralic hexagonal or rhombic prisms and tablets and (2) multimineralic needles or blades composed of amphibole with other exsolved phases. Both types of lamellae are oriented in four directions corresponding crystal directions of garnet host, similar to the first report on amphibole lamellae by Song et al. (2005) that suggested that amphibole lamellae are oriented in four directions corresponding the isometric form {111} of garnet host.
In subgroup B 1 , amphibole lamella type garnet, monomineralic prisms and tablets of amphibole occur as coarse-grains (80 × 20 μm on average) and finegrains (20 × 10 μm on average), respectively. Long and short multiphase needles/blades (ca. 350 × 15 and 25 × 10 μm, respectively) are composed of amphibole with rutile, ilmenite, srilankite, and apatite.
In subgroup B 3 , dense lamellae type garnet, multiphase needles and blades of amphibole occur as long and short (ca. 400 × 10 and 70 × 15 μm, respectively) crystals and occur with rutile, ilmenite, srilankite, apatite, and clinopyroxene.
In subgroup B 4 , clinopyroxene and amphibole lamellae type garnet, monomineralic prisms/tablets and multiphase needles/blades associated with amphibole have sizes of ca. 80 × 30 and 400 × 20 μm, similar to the size of coarse-grained monomineralic/composite exsolved amphibole of B 1 and B 3 . Fine-grained monomineralic/composite exsolved amphibole is very rare in subgroup B 4 .
Laser Raman study
Exsolved amphibole was identified by laser Raman spectroscopy (Fig. 3) . In subgroup B 1 , amphiboles of monomineralic prisms/tablets and multiphase needles/ blades show Raman peaks at 235, 670, and 3708 cm −1 in each spectrum. In subgroup B 3 , amphibole has similar Raman peaks at 227, 659, and 3708 cm −1 , regardless of occurrence (monomineralic/multimineralic) or morphology (coarse/fine or prism/tablet/needles/ blades). In subgroup B 4 , coarse-grained amphiboles of monomineralic prisms/tablets and multiphase needles/ blades have Raman spectra with peaks at 225, 672, and 3710 cm −1 . Two-dimensional Raman maps were collected in a few cases to show distributions of exsolved amphibole with other exsolved phases in garnet. Raman intensity maps from a garnet crystal of subgroup B 3 in Fig. 4 show the distributions of amphibole (Fig. 4d ) and other Ti-bearing phases such as rutile and ilmenite (Fig. 4e) . Amphibole occurs as coarse-grained multiphase blades and needles intergrown together with rutile and ilmenite in this garnet host (Fig. 4) . The intergrowth textures suggest that exsolution of amphibole, rutile, and ilmenite occurred at the same stage.
Chemistry
Chemical compositions of exsolved amphibole (>10 μm across) were analyzed with an EMP-WDS. Chemical compositions of exsolved amphibole in subgroups B 1 , B 3 , and B 4 are listed in Leake et al. (1997) , this composition is classified as pargasite.
In different garnet grains from subgroup B 3 , amphibole shows wider variations of Na (1. 2D mapping for major/minor elements X-ray elemental maps of some exsolved amphibole grains and surrounding host garnet were collected from a garnet grain of subgroup B 1 . For several elements, garnet host domains surrounding amphibole lamellae show little variation in compositions; however, in some cases, garnet is depleted in Ca, Ti, and Na close to the amphibole lamellae (Fig. 5) . These distributions are interpreted as a depletion halos caused by amphibole exsolution from host garnet. IR spectra and water contents of pyrope Group A: Cr-rich pyrope IR spectra obtained from group A, Cr-rich pyrope crystals stop, have dominant absorption bands with peaks near 3575 cm −1 and minor bands at 3660-3680 cm −1 (Fig. 6 and Table 4 ). The dominant peaks near 3575 cm −1 are similar to an OH band in pyrope reported by Aines and Rossman (1984) . OH concentrations in the host garnet range from below the detection limit (1 ppmw) to 115 ppmw H 2 O (Fig. 8 ).
Group B: Cr-poor pyrope
Obtained IR spectra show strong absorption bands near 3575 cm −1 and relatively weak bands at 3660-3680 cm Table 4 ; see Aines and Rossman 1984) . These two IR bands are similar to OH bands in group A garnet. Broad bands at ca. 3400 cm −1 were sometimes detected in subgroups B 1 and B 2 . These broad bands are probably caused by molecular H 2 O in fluid inclusions (e.g., Libowitzky and Rossman 1997) . Sharp bands at ca. 3710 cm −1 , apparently due to OH in amphibole, were identified in subgroups B 1 , B 3 , and B 4 . OH concentrations in host garnet are estimated at as follows: B 1 3-42 ppmw H 2 O, B 2 27 and 101 ppmw (two grains analyzed), B 3 4-10 ppmw, and B 4 2 ppmw (one grain analyzed; see Fig. 8 ). Garnets from subgroups B 1 , B 3 , and B 4 , all characterized by 
Discussion
Protoliths of garnet-bearing rocks underneath the Colorado Plateau
Classification of kimberlitic garnet xenocrysts has been conducted based on chemistry and inclusions for many years (e.g., Dawson and Stephens 1975; Danchin and Wyatt 1979; Schulze 2003; Grütter et al. 2004 ). Schulze (2003) compiled published analyses of garnets from ultramafic xenoliths in kimberlite and proposed a method for distinguishing mantle vs. crustal origins of garnets based on Mg/(Mg + Fe) and Ca/(Ca + Mg). According to results of Schulze (2003) Grütter et al. (2004) proposed that Mg, Ca, Fe, Cr, and Ti contents of mantle-derived garnet can be used to distinguish 13 compositional types of garnet, each associated with a likely mantle rock-type. The group A pyrope of this study has a composition (Pyp 67-74 , 4-6 wt% CaO, and up to 6.4 wt% Cr 2 O 3 ) similar to garnet from lherzolite or Fe-rich pyroxenite, based on the classification of Grütter et al. (2004) , see CaO vs Cr 2 O 3 diagram in Fig. 7) . The inclusion assemblage in group A garnet is olivine-orthopyroxene-clinopyroxene, each occurring in similar abundances (Table 1 ). These clues suggest that the group A pyrope crystals came from lherzolite or olivinewebsterite.
Chemical compositions of group B are characterized by low Cr contents and wide variations of Mg and Ca compared to group A (Fig. 2b) . The compositions of subgroup B 1 (Pyp 49-66 , 5-10 wt% CaO, and up to 0.5 wt% Cr 2 O 3 ) and B 3 (Pyp 54-72 , 4-6 wt% CaO, and up to 0.6 wt% Cr 2 O 3 ) are similar to those of garnet in pyroxenite (e.g., mantle eclogite, pyroxenite, and websterite) or the low-Ca pyroxenite in Grütter et al. (2004) . The trapped inclusions in subgroups B 1 and B 3 are dominantly clinopyroxene, whereas olivine and orthopyroxene were not identified at all (Table 1) . Therefore, the host rocks of subgroups B 1 and B 3 are probably garnetbearing clinopyroxenites.
Subgroup B 4 pyrope crystals have compositions that are relatively poor in Ca and Cr (Pyp 61-76 , 3-4 wt% CaO, and up to 0.6 wt% Cr 2 O 3 ) compared to subgroups B 1 and B 3 (Fig. 2b) . The B 4 pyrope compositions are similar to garnets from low-Ca pyroxenite (Grütter et al. 2004 ). In addition, subgroup B 4 garnet contains trapped inclusions of olivine and orthopyroxene, but clinopyroxene inclusions were not identified (Table 1) . This inclusion assemblage combined with the Ca-, Cr-poor compositions suggest that subgroup B 4 garnet likely originates from garnet-bearing olivine orthopyroxenite or harzburgite. Subgroup B 2 has slightly higher Cr contents (Pyp 49-68 , 4-7.5 wt% CaO, and 1-2 wt% Cr 2 O 3 ) than subgroups B 1 , B 3 , and B 4 (Fig. 2b) . The composition of subgroup B 2 garnet is similar to the compositions of Fe-rich pyroxenitic garnet reported by Grütter et al. (2004) . Subgroup B 2 garnet contains trapped inclusions of olivine, orthopyroxene, clinopyroxene, and fluid inclusions (Table 1) . We infer that the host rock of subgroup B 2 garnet is probably hydrated garnet-bearing lherzolite or olivine-websterite.
Group A (lherzolitic or websteritic) garnet is the most abundant type of garnet that we identified at Garnet Ridge. Garnet-lherzolite and olivine-websterite are therefore considered to be dominant and typical garnet-bearing constituents of upper mantle underneath the Colorado Plateau. The group A garnet has a limited chemical variation in Mg-Fe-Ca contents, whereas each subgroup of group B (pyroxenitic origins) has a wider chemical range (Fig. 2a) ; some garnets of group B have Mg-Fe-Ca contents that overlap with group A garnet but many in group B have more Ca-and/or Fe-rich compositions than the concentrated chemical range of group A (Fig. 2) . The wide chemical ranges of Ca and Fe in group B show linear variations in Mg-Fe-Ca contents. In general, such linear chemical variations are interpreted as mixtures of two different compositions. Therefore, group A (typical lherzolitic/olivine-websteritic) pyrope may represent a primitive, Mg-rich endmember of the garnets at Garnet Ridge. The Ca-and Fe-rich compositional variations of the group B are likely products of interaction between the typical lherzolitic/olivine-websteritic garnet and Ca/Fe-rich media such as fluids (Fig. 9) . A few garnet crystals of group A and some garnet in subgroups B 2 and B 3 have volatile-bearing inclusions of dolomite, magnesite, apatite, and chlorite (Table 1) and contain significant amounts of OH up to 115 ppmw in group A and up to 101 ppmw in the group B. These clues of volatile, H 2 O-rich environments suggest that the chemical changes from the group A garnet to more Ca/Ferich compositions were caused by fluid-mediated mantle metasomatism. During metasomatism, the host rocks of group B transformed from typical mantle lherzolites and olivine-websterites to pyroxenitic rocks (e.g., Sapienza et al. 2009; Vrijmoed et al. 2013 ).
Exsolved amphibole-bearing garnet after hydrous Na-garnet
The following points are critical for determining the origin of amphibole grains in pyrope from Garnet Ridge: (1) preferred orientation of amphibole grains controlled by crystal orientations of the host garnet; (2) depletion haloes of Na, Ca and Ti in the host garnet surrounding amphibole grains; and (3) low OH contents in amphibole-bearing garnet host. Considering these observations, we infer that the oriented amphibole inclusions in pyrope crystals formed by exsolution from precursor Na-and OH-rich garnet. Amphibole exsolution from garnet is rarely reported; we are aware of only one previous report on amphibole exsolution from North Qaidam UHP metamorphic belts, northern Tibet, NW China (Song et al. 2005) .
Exsolved amphiboles in pyrope from Garnet Ridge contain significant amounts of Na (up to 1.6 apfu on the basis of 23 oxygen), and their chemistries approximate pargasite, NaCa 2 Mg 4 AlSi 6 Al 2 O 22 (OH) 2 . The chemical formula of precursor garnet prior to amphibole exsolution was a solid solution that included the components necessary to exsolve amphibole. The precursor garnet before amphibole exsolution must have had a "hydrous Na-garnet" component, such as (Mg, Na The pargasite stability field is limited to pressures <3 GPa (Green 1973) , indicating that breakdown of hydrous Na-garnet and formation of exsolved pargasite occurred at such relatively low-pressure conditions. The importance of minor amounts of Na and OH in garnet as UHP indicators has been suggested in previous studies (e.g., Irifune et al. 1989; Bell and Rossman 1992a) . The first report on Na-rich garnet is from a majoritic garnet with 1.08 wt% Na 2 O that occurs as an inclusion in kimberlitic diamond (Moore and Gurney 1985) . At present, reports on observed occurrences of Na-rich garnet are limited to UHP metamorphic rocks and inclusions in diamond from kimberlite pipes (Sobolev and Lavrent'ev 1971; Bishop et al. 1978; Enami et al. 1995; Song et al. 2005) .
Previous UHP experiments have demonstrated that Na can be incorporated in garnet structures together with other elements such as excess Si, Ti, and P at UHP conditions to form Na-Si (Na 2 MgSi 5 O 12 ; see Gasparik 1989 and Bobrov et al. 2008) , Na-Ti (Na 2 CaTi 2 Si 3 O 12 ; see Ringwood and Lovering 1970) , and Na-P (Na 3 Al 2 P 3 O 12 ; see Brunet et al. 2006 ) components of garnet. Hydrous Na-garnet, (Mg, Ca, Na x ) 3 (Al 2 − x , Mg x ) 2 Si 3 O 12 − 2x (OH) 2x , described as precursor composition in this paper has not been identified in UHP experiments as of yet and is a solid solution with a previously unidentified Nabearing hydrous endmember of the garnet group at UHP conditions. There are a few experimental studies examining stability of Na-bearing garnet. For example, Ringwood and Lovering (1970) conducted the first synthesis of Na-bearing garnet and demonstrated that the minimum pressure to synthesize Na-bearing garnet (1.2 wt% Na 2 O) from a mixture of clinopyroxene and ilmenite (2:3) is approximately 105 kb at 1000°C. In UHP experiments conducted by Gasparik (1989) , Na-rich majorite garnet was synthesized at 133 kbar and 1650°C with the composition En 42 Di 9 Jd 49 ; for pyroxene with starting compositions with Jd <60 mol%; pressures in excess of 140 kbar (at 1500°C) were required to form garnet with Na-bearing pyroxene compositions. In UHP experiments in the Mg 3 Al 2 Si 3 O 12 -Na 2 MgSi 5 O 12 system conducted by Bobrov et al. (2008) , Na-rich garnet with 1.52 wt% Na 2 O (6 mol% Na 2 MgSi 5 O 12 ) was synthesized at 8.5 GPa and 1760°C and demonstrated that Na concentrations in garnet increase with increasing pressure or with decreasing temperature. Since direct experimental data on hydrous Na-garnet are lacking, its stability limit is unclear. Considering the experimentally determined conditions of anhydrous Na-bearing garnet and the natural occurrence of Na-rich garnets in UHP settings, we conclude that hydrous Na-garnet must be stable at least in UHP conditions. We estimated growth conditions of hydrous Na-garnet from subgroup B 4 , clinopyroxene and amphibole lamellae type, in which exsolved amphibole coexists with exsolved Na-bearing clinopyroxene (up to 5.3 wt% Na 2 O). The presence of Na-bearing pyroxene exsolution lamellae suggests that precursor garnet had excess Si as a characteristic of majorite garnet under UHP conditions (e.g., Moore and Gurney 1985; Van Roermund et al. 2001) . The coexistence of exsolved amphibole and clinopyroxene in single garnet grains indicates that Na-, OH-, and Si-rich components were dissolved in the precursor garnet. As a first step toward estimating growth conditions of the garnet, we recalculated an original excess Si component of garnet based on modes and compositions of clinopyroxene lamellae and surrounding garnet host in a representative domain of B 4 garnet. The modes were estimated from 1000 μm × 1000 μm elemental maps. The mode of clinopyroxene lamella in this area reaches 1.7 %, resulting in a calculated excess Si content of 0.017 apfu (based on 12 oxygen). For garnet with excess Si, charge balance can be maintained by paired substitution of divalent cations (M 2+ ), such as Mg, for trivalent Al in the six-coordinated site of garnet structure (Ringwood 1967) ; thus, the B 4 garnet described above probably had a six-coordinated site consisting of M 2+ 0.017 Al 1.966 Si 0.017 apfu (12 oxygen basis) prior to exsolution of clinopyroxene. Gasparik (1990) conducted experiments in the system, CaO-MgO-Al 2 O 3 -SiO 2 , and demonstrated that Al contents in garnet decrease with increasing pressure due to formation of majoritic garnet. According to his results, the garnet with Al 1.966 apfu is stable at pressures of 8 GPa at 1000°C, 7 GPa at 1200°C, and 6 GPa at 1400°C. These results suggest that our hydrous Na-garnet formed in a depth range of 200-250 km, suggesting origin in asthenospheric mantle (Condie 2005; O'Reilly and Griffin 2006) .
Trace amounts of OH are identified in garnet from kimberlitic xenoliths/xenocrysts and UHP metamorphic rocks; (1) 2-163 ppmw in mantle-delivered pyrope (Matsyuk et al. 1998) ; (2) 92 to 1735 ppmw in eclogitic garnet from Dabieshan (Xia et al. 2005) ; and (3) up to ca. 1500 ppmw in the Kokchetav garnetclinopyroxene rocks (Sakamaki et al. 2014) . Importance of garnet as an OH reservoir in the upper mantle should not be ignored. A few UHP experiments demonstrated that OH solubilities in garnet were controlled by pressure conditions; Lu and Keppler (1997) ascertained that OH solubility in pyrope increases with pressure <10 GPa from 73.5 ppmw (at 15 kbar, 1000°C) to 198.9 ppmw (at 100 kbar, 1000°C). Withers et al. (1998) showed that OH solubility in pyrope increase with pressure <6 GPa from 140 ppmw (at 20 kbar, 1000°C) to 960 ppmw (at 60 kbar, 1000°C) but then decreases to 0 ppmw until 13 GPa; their results are different from those of Lu and Keppler (1997) at pressures >7 GPa. In either case, OH solubility in pyrope increases with pressure up to 6 GPa.
In this study, the OH contents in group A garnet range from below the detection limit (<1 ppmw) to 115 ppmw. Such OH contents in group A garnet are typical of OH contents in mantle-delivered pyrope; for example, less than 2 ppmw up to 163 ppmw in mantle pyrope from kimberlite pipes of the Siberian platform (Matsyuk et al. 1998 ) and less than 1 ppmw up to 135 ppmw in subcontinental lithosphere delivered garnet from 18 kimberlite pipes in southern Africa (Bell and Rossman 1992b) . In contrast, exsolved amphibole-bearing garnet, subgroups B 1 (3-42 ppmw), B 3 (4-10 ppmw), and B 4 (2 ppmw), have significantly lower H 2 O contents than those in the lherzolitic or websteritic garnet of group A (up to 115 ppmw) and the exsolved amphibole-free subgroup B 2 (27 and 101 ppmw). The lower H 2 O contents in amphibole-bearing garnets are interpreted as a consequence of transfer of OH from host garnet to amphibole during exsolution.
Growth conditions of hydrous Na-garnet
Na is considered to be a minor element in the upper mantle; Na contents in average mantle peridotite (pyrolite) were estimated as no higher than 0.4 wt% Na 2 O by Ringwood (1975) . Bishop et al. (1978) describe garnetlherzolite xenoliths in African kimberlites containing Na-poor (0.017-0.038 wt% Na 2 O) garnet coexisting with Na-rich clinopyroxene (2.01-4.66 wt% Na 2 O), Na-poor orthopyroxene (0.053-0.181 wt% Na 2 O), and Na-poor olivine (0-0.013 wt% Na 2 O). The results of Bishop et al. (1978) suggest that most of Na is partitioned into clinopyroxene rather than garnet at upper mantle conditions. It is likely that the absence of clinopyroxene is one of the keys for growth of Na-rich garnet. Among our hydrous Na-garnet (subgroups B 1 , B 3 , and B 4 ), subgroup B 4 garnet apparently formed without coexisting with clinopyroxene (see Table 1 ). In contrast, for subgroups B 1 and B 3 , the occurrence of trapped inclusions of clinopyroxene in garnet (Table 1) indicates that clinopyroxene was present during garnet growth. The second key for growth of Na-rich garnet is perhaps locally high concentration of Na in the upper mantle; subgroups B 1 and B 3 garnet likely formed under Na-concentrated environments at upper mantle depths.
Growth conditions of hydrous Na-garnet are considered dependent on the following conditions: (1) 200-250 km depth, in asthenospheric mantle; (2) pyroxenitic host rocks; (3) volatile-rich metasomatic environments; and (4) Na-enriched environments. The linear variations in Mg-Fe-Ca contents (Fig. 9) suggest that initial, pre-metasomatic garnets had Mg-rich compositions typical of lherzolitic garnet. We infer that hydrous Na-garnet formed in pyroxenites that
